An encounter with a previously unseen pathogen can lead to the expansion of antigen-specific T cells and the subsequent generation of long-lived CD4 ϩ and CD8 ϩ memory T cells (12, 26, 48, 51) . The localization of antigen-specific T-cell populations during the progression from primary pathogen exposure to long-term memory can be visualized through the application of techniques such as major histocompatibility complex type I (MHC-I) tetramer staining and the adoptive transfer of naïve antigen-specific cells. In parallel with these studies, the functional attributes of distinct memory populations have also been examined, leading to the classifications of effector memory (T EM ) and central memory (T CM ) T cells (41, 53) .
Large variations in the sizes of epitope-specific memory populations, but not in the kinetics of their generation, are observed for murine models of infection (9) . These variations are dependent upon the extent of the initial "burst" of expansion from antigen-specific precursors, although not necessarily on the amount of antigen itself (5, 14, 19, 33, 35, 54) . Epitopespecific CD8 ϩ or CD4 ϩ T cells generated following oral challenge with Listeria monocytogenes are present at higher frequencies in the liver and intestinal mucosa than in the spleen both during the peak of the primary response and once memory has been established (25, 32, 39) . Moreover, epitope-specific CD8
ϩ T cells generated in response to a viral or bacterial infection localize not only to lymphoid organs, but also to nonlymphoid tissues, including the kidneys, lungs, liver, and lamina propria (16, 29, 31, 32, 39) . Indeed, higher frequencies of vesicular stomatitis virus-specific CD8 ϩ memory T cells are present within these nonlymphoid tissues than within the spleen and other lymphoid sites, and few memory cells associate with lymph nodes (LN) (32) . Furthermore, only a small minority of the total CD8
ϩ memory cell population is retained within lymphoid tissues (32) .
In contrast, a Salmonella infection model showed that the distributions of memory CD4
ϩ -T-cell populations generated after the stimulation of adoptively transferred cells were approximately equal for lymphoid and nonlymphoid sites (40) . Infections with L. monocytogenes also revealed that bacteriumspecific CD4 ϩ T cells were localized to lymphoid as well as nonlymphoid tissues, although the route of bacterial administration influenced which organ contained the largest fraction of memory cells (25) . Thus, the organ-specific distribution of antigen-specific T cells occurs during both the generation and the retention of memory.
Functionally, splenic epitope-specific CD8 ϩ memory T cells produce gamma interferon (IFN-␥) and/or tumor necrosis factor alpha (TNF-␣) after a peptide encounter (2) (3) (4) 46) . Indeed, more lymphocytic choriomeningitis virus (LCMV)-specific CD8 ϩ memory cells respond to peptides by producing both IFN-␥ and TNF-␣ than during the primary response (15, 46, 47) . Furthermore, CD8 ϩ memory cells retain their cytolytic function (and express perforin) without the concomitant expression of IFN-␥ or TNF-␣ ex vivo (45) . Memory CD8 ϩ T cells generated after bacterial infection and located in either the spleen or peripheral tissues were found to rapidly produce IFN-␥ or TNF-␣ in response to peptide exposure (2) (3) (4) 39) . However, memory CD8 ϩ T cells from peripheral (nonlymphoid) sites exhibited direct cytotoxic activities ex vivo which were not present in similar populations taken from lymphoid tissues such as the spleen (32) . Therefore, distinct fractions of memory T cells may be associated not only with a specific location, but also with a particular in vivo function. The identification of the T EM and T CM memory T-cell subsets further supports this notion (41, 53) .
The present study assessed the locations, numbers, and functions of antigen-specific T-cell populations in lymphoid and nonlymphoid compartments following DNA immunization or infection with Salmonella enterica serovar Typhimurium. A polyclonal restimulation of cells from Salmonella-infected mice allowed the numbers and cytokine production capacities of CD4 ϩ and CD8 ϩ memory T-cell responses to the whole bacterium to be assessed. This study is the first function-and location-specific analysis of both CD4
ϩ and CD8 ϩ memory T-cell populations from the same Salmonella-infected animals and demonstrates the organ-specific functional compartmentalization of Salmonella-specific memory T-cell responses.
MATERIALS AND METHODS
Mice. C57BL/6 mice were between 6 and 8 weeks of age at the time of immunization. Age-matched naïve controls were included in all experiments. The mice were bred and housed at the animal facilities at Lund University or were purchased from Taconic M&B (Ry, Denmark) and housed at the Laboratory for Experimental Biomedicine at Göteborg University. All animals were provided with food and water ad libitum.
Plasmid immunization and peptides. The eukaryotic expression plasmids pCI/C and pCI/S, encoding the hepatitis B virus core and small surface antigens (HBsAg), respectively, were described previously (24, 42) and were prepared on a large scale by Qiagen Ltd., Düsseldorf, Germany. The DNAs were resuspended at a final concentration of 1 mg/ml in sterile phosphate-buffered saline (PBS), and mice were immunized with 50 g in a single injection at the base of the tail. Immunization with pCI/S generates a K b -restricted CD8 ϩ -T-cell response to the peptide ILSPFLPL (K b S), corresponding to bases 208 to 215 of HBsAg (43) . The K b -restricted SIINFEKL (K b OVA) peptide, corresponding to bases 257 to 264 of ovalbumin, was used as a control.
Salmonella immunization. The S. enterica serovar Typhimurium 4550 strain used for these studies was described previously (55) . This SR-11 derivative contains deletions in the genes encoding adenylate cyclase and the cyclic AMP receptor protein (⌬cya-1 ⌬crp-1) that reduce its virulence relative to the wildtype strain. Whereas mice infected with even low doses of wild-type S. enterica serovar Typhimurium succumb to the infection in 7 to 10 days, mice given 10 8 to 10 9 4550 cells survive, clear the bacteria ϳ4 weeks after infection, generate both CD4 ϩ -and CD8 ϩ -T-cell responses, and are immune to a lethal challenge with virulent S. enterica serovar Typhimurium (23, 55) . Like fully virulent S. enterica serovar Typhimurium, 4550 acquired orally replicates in Peyer's patches, mesenteric LN (MLN), the spleen, and the liver. The kinetics of 4550 growth in these organs are delayed relative to those after infection with virulent bacteria (our unpublished data), and unlike the case with virulent bacteria, the mice control 4550 and survive. Although additional studies would be necessary to directly compare the memory T cells generated after infection with fully virulent S. enterica serovar Typhimurium (given in nonfatal doses) to those generated after infection with 4550, 4550 provides a model for assessing long-term memory in mice who are immune to a lethal challenge.
The bacteria were cultured overnight with constant agitation in Luria-Bertani broth. The concentration was then estimated spectrophotometrically, and the bacteria were washed and resuspended in sterile PBS. For intragastric immunization, mice were given 0.1 ml of 0.1 M NaHCO 3 solution followed 5 min later by 10 9 bacteria in a volume of 0.1 ml. Mice immunized intraperitoneally were given 10 6 bacteria in a volume of 0.1 ml. The actual bacterial dose administered was determined by counting colonies after the plating of serial dilutions of the inoculum onto Luria-Bertani agar plates. Mice were sacrificed for analysis 9 to 28 weeks after immunization. No differences in the parameters analyzed were observed, for any site examined, as a result of the route of immunization or the time elapsed between immunization and analysis.
In vitro restimulation and flow cytometry. Animals were sacrificed, peripheral blood was collected into heparinized tubes, and organs were removed aseptically. Livers were perfused with PBS (Gibco BRL Life Technologies, Paisley, United Kingdom) before removal to eliminate contaminating peripheral blood. Singlecell suspensions of lymphoid organs were prepared by physical disruption and resuspension in RPMI medium (Gibco BRL) supplemented with 10% fetal calf serum. Livers were mashed through a cell filter, and hepatic leukocytes were purified over a Percoll gradient as described previously (50) . Erythrocytes in peripheral blood samples were lysed by hypotonic shock before use. For peptide restimulation, 10 6 cells in 200 l of RPMI plus fetal calf serum were plated in 96-well plates. The K b OVA or K b S peptide was added to a final concentration of 5 g/ml, and the cells were incubated for 1 h at 37°C. Negative control wells received medium only. Brefeldin A (BFA; Sigma, St. Louis, Mo.) was then added to all wells to a final concentration of 5 g/ml, and the cells were incubated for a further 4 h. For polyclonal restimulation, cells were seeded at 5 ϫ 10 6 cells/well in 24-well plates, and a lysate of S. enterica serovar Typhimurium 4550 was added at a dilution of 1:100. For experiments to examine the role of interleukin-12 (IL-12) in T-cell activation, the anti-IL-12 clone C17.8 (Pierce Biotechnology, Rockford, Ill.) or an isotype control (rat anti-immunoglobulin G2a; BD Pharmingen, San Diego, Calif.) was used at 10 g/ml in addition to the bacterial lysate (17, 27) . To address the contribution of lipopolysaccharide (LPS) to T-cell activation, we added LPS purified from S. enterica serovar Typhimurium (L2262; Sigma), instead of the bacterial lysate, at the same concentration as that in the bacterial lysate (1 to 1.25 g/ml). The plates were incubated for 18 h, with BFA added to a final concentration of 5 g/ml for the final 4 h. At the end of the culture period, the cells were harvested, stained, and analyzed by flow cytometry.
Flow cytometry for intracellular cytokines was performed as described previously (22) . Briefly, Fc receptors were blocked with antibodies purified from the hybridoma 2.4.G2, and cells were stained for their surface phenotype by the use of fluorescein isothiocyanate, phycoerythrin (PE), allophycocyanin, or PE-Cy7 conjugates of anti-CD4 (GK1.5), anti-CD8␣ (YTS.169), and anti-T-cell receptor beta (anti-TCR␤) (H57-597) (all from BD Biosciences, San Diego, Calif.). The cells were then fixed and permeabilized, and intracellular cytokines were detected with fluorescein isothiocyanate or biotin conjugates of anti-TNF-␣ or anti-IFN-␥, followed by streptavidin-allophycocyanin as required (BD Biosciences). Isotype control antibodies (BD Biosciences) with the appropriate conjugates were used. Samples were acquired with a FACSCalibur or LSRII flow cytometer (BD Biosciences) and then analyzed with CellQuest (BD Biosciences) or FloJo (Tree Star Inc., Ashland, Oreg.) software, respectively. The frequencies of specifically responding T cells were calculated with the following equation: 
RESULTS

Detection of low frequencies of epitope-specific CD8
؉ T cells following DNA immunization. C57BL/6 mice immunized with pCI/S generated a K b S-specific CD8 ϩ -T-cell response that was detectable by a 5-h ex vivo peptide restimulation assay followed by flow cytometric analysis of intracellular IFN-␥ (Fig.  1) . For a naïve splenocyte population that was restimulated with the K b S peptide, no IFN-␥-positive events were detected when over 100,000 gated CD8 ϩ TCR␣␤ ϩ cells were collected (n ϭ 6; data not shown). Furthermore, splenocytes from either naïve or pCI/S-immunized animals that were restimulated with medium only or the irrelevant K b OVA peptide gave less than one IFN-␥-positive event per 100,000 CD8 ϩ T cells (Fig. 1) . By analyzing large numbers of CD8 ϩ T cells (50,000 to 150,000), we determined specific responding frequencies as low as 1:10,000 with confidence. For samples such as liver and peripheral blood samples, it was often not possible to analyze these large numbers of cells, which resulted in a higher limit of detection for these samples than for other organs. However, K b S epitope-specific frequencies for any organ taken from naïve or pCI/C-immunized animals were always 1:10,000 or lower.
Kinetics of epitope-specific CD8 ؉ -T-cell expansion following pCI/S immunization. The kinetics for the generation of IFN-␥-responding K b S-specific CD8 ϩ T cells in the spleen, liver, and draining LN were examined after a single immunization with pCI/S. On day 7 postimmunization, no significant increase in the frequency of IFN-␥-responding epitope-specific CD8 ϩ T cells was detectable in either spleens or livers from pCI/S-immunized mice (Fig. 2) . However, on day 10 postimmunization, these cells were present in the spleen and inguinal (draining) LN at similar mean frequencies (1:1,900 and 1:2,600, respectively), with the highest mean frequency being detected in the liver (1:340) (Fig. 2) . No K b S-responsive cells were found in the other examined LN on day 10 (data not shown). By day 14 postimmunization, the frequencies of epitope-specific cells were further increased for the liver and spleen (n ϭ 21), and frequencies at this time point were often high for these organs (Ͼ1:500), although intermouse variations were observed at all time points (Fig. 3) . For spleens and livers, epitope-specific cells remained detectable at day 28 postimmunization, with mean frequencies that were somewhat reduced compared to those on day 14. The mean frequencies waned slowly after day 28 postimmunization, with only a slight change apparent at day 42 relative to day 28, and remained above the frequencies of specific cells detected in naïve animals, even at longer time points post-pCI/S immunization (Fig. 2) . Days 14 and 42 postimmunization were selected as time points for further analyses of epitope-specific CD8 ϩ T cells during the expansion and memory phases, respectively.
IFN-␥-responding K b
S-specific CD8 ؉ T cells preferentially localize to the spleen, liver, and blood during the expansion phase after DNA immunization. The presence of K b S-specific CD8 ϩ T cells that were capable of rapidly responding to peptide stimulation at physically distinct sites was examined with individual naïve mice or mice who were immunized 14 days previously with pCI/S DNA. On day 14 after DNA immunization, during the expansion of the epitope-specific population, the highest frequencies of K b S-specific CD8 ϩ T cells were present in the spleen, liver, and blood ( Fig. 3b) , with the spleen containing the largest total number of responding cells. Within these sites, cell frequencies for the spleen and liver were consistently of comparable magnitudes for individual animals, with a slightly higher frequency associated with peripheral blood. The LN examined had an increased mean frequency of K b Sspecific cells compared to those from naïve animals, with the highest frequency occurring in the draining (inguinal) LN ( Fig.  3a and b) . Surprisingly, the mean frequency of IFN-␥-responding K b S-specific CD8 ϩ T cells within the draining LN was more than fivefold less than that for the spleen, liver, or blood during the expansion phase of the response. All other LN examined appeared to be equally uninvolved in the early specific response to DNA immunization (Fig. 3b) .
IFN-␥-responding K b S-specific CD8
؉ T cells are retained within the spleen, liver, and blood, but not the LN, in DNAimmunized mice. The frequency of K b S-specific CD8 ϩ T cells that were capable of rapid IFN-␥ production was further ex- amined within each site on day 42 after pCI/S DNA immunization ( Fig. 3c) . At time points of Ͼ28 days postimmunization, the observed frequencies are likely to reflect those which will be maintained long-term within the host (Fig. 2) . The mean frequencies of K b S-specific CD8 ϩ T cells within the spleen, liver, and peripheral blood were reduced fourfold or more at this time point compared with those from day 14 ( Fig. 3b and   c ). As observed on day 14, comparable frequencies were often present in the spleen, liver, and blood within individuals.
Within peripheral LN sites on day 42 after pCI/S immunization, there was no longer a clear distinction between the IFN-␥-responding K b S-specific CD8 ϩ -T-cell frequencies in the draining LN and other examined LN (Fig. 3c) . Indeed, each of these sites had an extremely low mean frequency of these cells (Ͻ1:20,000), with a frequency of Ͼ1:10,000 observed for ϳ10% of the examined LN. Together, these data indicate that rapidly responsive epitope-specific CD8 ϩ T cells are preferentially located within a central spleen-liver-blood compartment after DNA immunization and are found within this compartment for extended times. Furthermore, a minor fraction of these cells are located within the draining LN only during the expansion phase. Other peripheral LN do not appear to have significant numbers of rapidly responsive CD8
ϩ T cells at any time point.
Detection of specific polyclonal anti-Salmonella T-cell responses. Procedures such as DNA immunization followed by peptide-specific restimulation facilitate the examination of one, or perhaps several, epitope-specific populations responding to an antigen. As a result, responses to an antigen may be overlooked if they are below the level of detection of a particular epitope. Moreover, most studies thus far have quantitated epitope-specific T-cell responses and have focused on either CD4
ϩ -or CD8 ϩ -T-cell populations. Indeed, few data are available on the locations and functions of the total memory cell pools among both CD4 ϩ and CD8 ϩ populations in the same individuals, particularly for infection models. Therefore, we applied restimulation techniques to visualize polyclonally responsive memory cell populations generated after a single bacterial challenge (Fig. 4 and 5) . Although a memory cell pool is likely established 3 to 4 weeks after infection (10, 32, 37, 39) , the aim of our Salmonella infection system was to examine the memory T-cell pool without any residual effects of the primary antibacterial response. We thus waited long after the primary infection to negate any possibility of remaining T-cell activity as a result of infection and to look at long-term, fully established memory cells. We were unable to detect bacteria in MLN or the liver 48 days after oral infection and thus set 9 weeks after infection as the earliest point to look at the memory cell pools of Salmonella-infected mice. Thus, both CD4 ϩ and CD8
ϩ T cells producing IFN-␥ or TNF-␣ in response to Salmonella antigens were quantified for the same individuals 9 to 28 weeks after infection. No bacteria were recovered from any animal at these time points.
For naïve animals, small polyclonal responses to the Salmonella lysate were detectable for both CD4 ϩ -and CD8 ϩ -T-cell populations. The compartments in which these responses were consistently detected at frequencies of Ͼ1:1,000 were CD4 ϩ and CD8
ϩ IFN-␥-producing populations in the liver and peripheral blood and CD4
ϩ TNF-␣-producing cells of the liver (Fig. 6 and 7 ). The tissue with the next highest frequency of IFN-␥-producing cells in naïve animals was MLN, with a frequency of ϳ1:2,000 ( Fig. 6 and 7) .
Widespread distribution of rapidly responsive polyclonal CD4 ؉ T cell populations after oral Salmonella infection. An examination of CD4 ϩ T cells from the organs of animals who were immunized 9 to 28 weeks previously with Salmonella demonstrated minimal IFN-␥ or TNF-␣ expression in the ab- sence of restimulation (Fig. 4) . However, these cells produced both IFN-␥ and TNF-␣ in response to ex vivo restimulation with the Salmonella lysate (Fig. 4) . CD4 ϩ T cells that responded to restimulation with IFN-␥ expression were present at the highest mean frequencies in the spleen, liver, and peripheral blood (Fig. 6a) , with 133-, 5-, and 13-fold increases, respectively, in the mean frequencies of responding cells compared with those for naïve controls. However, significantly elevated mean frequencies of IFN-␥-producing CD4
ϩ T cells were also present in each of the examined peripheral LN sites. Within each LN, the Salmonella-responsive CD4 ϩ cell population was increased at least 10-fold and up to Ͼ50-fold over naïve levels. The spleen contained the largest number of CD4 ϩ T cells that produced IFN-␥ in response to the Salmonella lysate, followed by MLN, the liver, and blood (Table 1 ). These data indicate that CD4 ϩ memory T cells are distributed throughout the lymphoid tissues after Salmonella infection. Salmonella-responsive CD4 ϩ T cells producing TNF-␣ were present in the spleen, liver, and peripheral blood at frequencies up to sixfold lower than those of cells producing IFN-␥ (Fig. 6) . However, compared with the frequencies in naïve animals, these frequencies represented increases of 74-, 6-, and 46-fold for the spleen, liver and peripheral blood, respectively (Fig.  6b) . As observed for IFN-␥ expression, TNF-␣-responsive CD4 ϩ T cells in peripheral LN also had increased frequencies (up to 19-fold). Interestingly, a larger degree of frequency equivalence was observed between IFN-␥-and TNF-␣-producing CD4
ϩ Salmonella-specific populations in peripheral LN than between those in the spleen, liver, and blood (Fig. 6) . Like the case for IFN-␥-producing cells, the largest number of CD4 ϩ T cells producing TNF-␣ in Salmonella-immunized mice in response to a bacterial lysate was found in the spleen (Table  1) . Together, these data indicate that the numbers of both IFN-␥-and TNF-␣-producing Salmonella-specific CD4 ϩ T cells are increased in all examined organs during the memory phase, with IFN-␥-producing cells dominating and with the spleen containing the largest number of responding cells. Furthermore, the levels of retention of Salmonella-specific CD4 ϩ T cells occurred in an organ-specific manner.
Differential distribution of Salmonella-specific IFN-␥-and TNF-␣-producing CD8 ؉ T cells after oral infection. The distribution of CD8 ϩ T cells producing IFN-␥ after Salmonella lysate restimulation was examined for animals that were immune to Salmonella and was found to be similar to that observed for CD4 ϩ T cells producing IFN-␥. Specifically, the highest mean frequencies of these CD8 ϩ T cells occurred in the spleen, liver, and peripheral blood and were associated with increases of 176-, 11-, and 13-fold, respectively, for these organs compared to those from naïve mice (Fig. 7a) . In addition, the frequencies of IFN-␥-expressing CD8 ϩ T cells were also increased in the peripheral LN of these immune animals and were 5-to 38-fold higher than those in naïve mice (Fig.  7a) . The total number of Salmonella-responsive cytokine-producing CD8
ϩ T cells was largest in the spleen (Table 1 ). In contrast, CD8
ϩ T cells producing TNF-␣ after restimulation were limited both in frequency and in distribution ( Fig.  5 and 7b) . First, each examined site, with the notable exception of the liver, exhibited a Salmonella-specific CD8 ϩ TNF-␣ response (Fig. 7b) . The extents of these frequency increases ranged from 2-fold for MLN to 27-fold for peripheral blood compared to those for naïve mice. Second, only in the peripheral blood did the frequency of TNF-␣-producing cells exceed 1:500. Finally, CD8
ϩ TNF-␣-producing cells were greatly reduced in frequency compared with their IFN-␥-producing counterparts, with TNF-␣ ϩ /IFN-␥ ϩ frequency ratios of Ͼ1:100 for the spleen and Ͼ1:20 for the peripheral blood (Fig. 7) . No increase above naïve levels was observed for the Salmonellaspecific CD8
ϩ TNF-␣ response in the livers of immune individuals.
NKT cells as well as activated or memory T cells, particularly CD8 ϩ cells, can be induced to produce IFN-␥ in a non-antigen-specific fashion in response to cytokines such as IL-12, IL-18, and IFN-␣/␤ (1, 6, 7, 20, 27) . Moreover, LPS can indirectly stimulate IFN-␥ production by CD8 ϩ T cells, CD4 ϩ T cells, and NKT cells by inducing IL-12 secretion by antigenpresenting cells (20) . Since the restimulation protocol using the Salmonella lysate raised the possibility that some of the cytokine-producing cells detected responded in a non-antigenspecific fashion to LPS, we quantitated the frequencies of cytokine-producing T cells in splenocyte cultures that were restimulated with a concentration of purified Salmonella LPS equal to that in the Salmonella lysate. The restimulation of splenocytes from Salmonella-infected mice with LPS resulted in an increased frequency of cytokine-producing T cells relative to the frequency in naïve mice (Fig. 8) . This was most apparent for IFN-␥-producing cells, for which there were 12-and 8-fold increases in the frequencies of TCR␤ ϩ CD4 ϩ and TCR␤ ϩ CD8 ϩ cells, respectively, producing this cytokine in response to LPS compared to those in naïve mice. In contrast, no increase was apparent for the mean frequency of TCR␤ ϩ
CD8
ϩ cells producing TNF-␣ after restimulation with LPS in infected mice relative to naïve mice, and only a threefold increase in TCR␤ ϩ CD4 ϩ T cells was observed (Fig. 8) 
CD4
ϩ and TCR␤ ϩ CD8 ϩ cells, respectively, with lysate-responsive IFN-␥ production appeared to be due to LPS, while for the blood these values were 2.5 and 21%, respectively. Together, these data demonstrate that a fraction of the cells that produce IFN-␥ in response to bacterial lysate, particularly TCR␤ ϩ CD4 ϩ cells, responded to LPS. To further investigate the contribution of non-antigen-specific cytokine production induced by the Salmonella lysate, we performed lysate restimulation assays under conditions in which IL-12 was neutralized ( Table 2 ). Neutralizing IL-12 had little effect on the frequency of CD4 ϩ or CD8 ϩ TNF-␣-producing T cells in Salmonella-immunized mice in response to the bacterial lysate, reducing the frequency in only one of five mice. In contrast, neutralizing IL-12 reduced the frequency of IFN-␥-producing CD4 ϩ T cells in three of five mice, by 18 to 40%. Likewise, neutralizing IL-12 reduced the frequency of CD8 ϩ T cells producing IFN-␥ in response to the lysate in all mice tested, ranging from a 7 to 52% reduction (Table 2) .
These data indicate that 2 to 6 months after pathogen exposure, polyclonal CD4 ϩ -and CD8 ϩ -T-cell populations that are capable of rapid IFN-␥ production as well as CD4
ϩ TNF-␣ responses are primarily located in a central spleen-liver-blood compartment, with the largest number of cytokine-producing cells being found in the spleen. Significant amounts of these cells also remain within peripheral lymphoid sites. However, not only are both CD4 ϩ and CD8 ϩ Salmonella-specific TNF-␣ responses numerically much more restricted than those for IFN-␥, those Salmonella-specific CD8 ϩ T cells that are capable of rapid TNF-␣ production upon antigen exposure appear to be relatively restricted to the peripheral blood. Finally, a fraction of the T cells from Salmonella-immunized mice that produce cytokines, particularly IFN-␥, after restimulation with bacterial lysate can be attributed to the effects of LPS and are partially dependent on IL-12.
DISCUSSION
The present study examined the frequencies, functions, and locations of memory T cells in monoclonal and polyclonal systems in DNA-and bacterium-immunized mice, respectively. After immunization with a plasmid encoding HBsAg, a splenic K b -restricted CD8 ϩ -T-cell response was detectable by day 10 and reached a peak frequency in the spleen on day 14 postimmunization, as reported for other plasmid immunization systems (15) . Far lower frequencies of HBsAg-specific CD8 ϩ T cells were observed for the draining LN on day 14. In a model of herpes simplex virus 1 infection, specific cytotoxic T lymphocytes (CTL) are activated within draining LN but undergo the bulk of their subsequent expansion within the spleen (11). Our results are in agreement with such a model and indicate that, in addition to being present in the spleen, K b S-specific cells are also present, at equivalent frequencies, in both the liver and the peripheral blood on day 14. Cells in the liver and blood may have been released from the draining LN or from the spleen and may accumulate within the liver, possibly prior to apoptosis and clearance (34) .
On day 42 post-pCI/S immunization, rapidly responding K b S-specific CD8 ϩ cells were present within both lymphoid (spleen) and nonlymphoid (liver and blood) organs. The spleen, liver, and blood had similar frequencies of K b S-specific cells among the total TCR␤ ϩ CD8 ϩ cells. Moreover, when the total number of T cells in these different immune compartments was taken into account, the largest number of epitopespecific T cells was present in the spleen. In contrast to the case for the spleen, liver, and blood, very few IFN-␥-producing, K b S-specific CD8 ϩ T cells were detectable within the draining LN on day 42. The rapid IFN-␥ response and non-LN distribution of these cells suggest that they are similar to T EM CD8 ϩ lymphocytes in the T EM -T CM model (32, 41, 53) . However, further characterization of CCR7 and CD62L expression, for example, on the memory cells is required to define both T EM and T CM populations in each location.
It has been suggested that organ-specific memory cell populations may develop, particularly within nonlymphoid tissues, after pathogen exposure (21, 31, 32, 39) . Distinct functional capabilities associated with nonlymphoid CD8 ϩ -T-cell memory, such as immediate cytolytic activity (32) , may aid the host in rapidly responding to antigens at sites of pathogen exposure, such as the lungs and intestinal mucosa. The retention of K b S-specific cells that are capable of rapid IFN-␥ production within the spleen, liver, and blood is consistent with this model in that any antigen entering the bloodstream will traffic rapidly through the spleen and liver. For this system, it may not necessarily be the lymphoid or nonlymphoid nature of a tissue per se that determines T EM cell retention, but perhaps another feature of the tissue that influences its capacity to encounter or screen for antigens.
The frequency of specific IFN-␥-producing cells detected by short-term ex vivo peptide restimulation mirrored that detected by MHC tetramer staining (10, 32, 39) , which detects antigen-specific T cells independently of any antigen-presenting cells. This supports the hypothesis that the frequencies of peptide-specific T cells detected in different organs after peptide restimulation are not influenced by different antigen-presenting-cell populations that are present in different proportions in the organs. In addition, although the off-cycling of cytokine production can influence the detection of cytokinepositive cells, the peptide restimulation protocol used here (5 h, with BFA added during the last 4 h) should allow optimal IFN-␥ detection (2) (3) (4) 45) . TCR␣␤ T cells and cytokines that can be produced by these cells, particularly IFN-␥ and TNF-␣, are critical for the host defense against Salmonella (13, 36) . Indeed, IFN-␥-producing TCR␣␤ ϩ CD4 ϩ and CD8 ϩ T cells are elicited during primary Salmonella infections (49, 55) , and class Ia and Ib-restricted cytolytic CD8
ϩ T cells are evoked in immune mice challenged with virulent Salmonella (28) . However, little is known about the memory T-cell compartment in Salmonella-immunized mice, and a recent study showed that the expansion of endogenous Salmonella-specific CD4 ϩ T cells could even prevent the survival of adoptively transferred, Salmonella-specific transgenic T cells and hinder their development into memory cells (49) . We thus extended the analysis of antigen-specific memory responses to a polyclonal bacterial system and determined the frequencies and locations of CD4 ϩ and CD8 ϩ TCR␣␤ T cells that were capable of rapid, ex vivo IFN-␥ or TNF-␣ production in mice who were orally immunized 9 to 28 weeks earlier with Salmonella.
We found large increases in the frequencies of IFN-␥-or TNF-␣-producing memory CD4
ϩ T cells responding to Salmonella stimulation associated with both lymphoid organs and nonlymphoid compartments. Significant numbers of responding CD4
ϩ memory cells were present in the spleen, liver, blood, and LN, with liver populations exhibiting the smallest increases relative to naïve mice. Moreover, the largest absolute number of Salmonella-specific CD4 ϩ memory cells was found in the spleen.
A feature of Salmonella-specific CD4 ϩ memory was that the frequency of IFN-␥ ϩ cells in immune mice was consistently higher than the TNF-␣ response in populations located in the spleen, liver, MLN, and peripheral blood. Recent work also showed a higher percentage of IFN-␥-producing cells relative to TNF-␣-producing CD4 ϩ T cells in the spleen during the expansion phase after Salmonella vaccination (49) . Although TNF-␣ and IFN-␥ are both important for controlling Salmonella infection (13, 36) , IFN-␥ production by T cells may be more important than TNF-␣ production by these cells considering, for example, that phagocytes are numerically dominant sources of TNF-␣ during infection (23) . Alternatively, a robust IFN-␥ response may be sufficient to control an attenuated strain such as 4550.
In contrast to the spleen, liver, blood, and MLN, the other LN examined here had similar frequencies of TNF-␣-and IFN-␥-responding CD4 ϩ cells on day 42 postinfection. Although cytokine off-cycling can influence the detection of TNF-␣-producing T cells in particular (2), the similar frequencies of cells producing TNF-␣ and IFN-␥ in the LN suggest that functionally distinct subsets of Salmonella-specific CD4 ϩ memory cells may be differentially represented in, for example, the spleen compared with peripheral LN.
Examining the polyclonal T-cell response by restimulation with a bacterial lysate resulted in the activation of some cells in naïve animals, which was most noticeable in the liver and peripheral blood. However, the frequencies of cytokine-positive cells from the liver and peripheral blood of naïve animals were lower than those from immune animals, indicating the presence of specific immunity in these organs. Some of the background response may be attributed to endogenous Salmonella-specific responses (49) . Furthermore, some of the observed cytokine production may come from non-antigenspecific components. Indeed, a fraction of the TCR␤ ϩ cells detected produced IFN-␥ in response to LPS, and this was more apparent for CD4 ϩ than for CD8 ϩ T cells. Some of these cells, particularly CD4 ϩ cells (38) , could be NKT cells that produce IFN-␥ in response to LPS-induced IL-12 by antigenpresenting cells (8, 20) . The partial IL-12 dependence of IFN-␥ production in response to the lysate may indicate that NKT cells comprise a fraction of the cells detected. However, given the very small number of NKT cells relative to the number of conventional TCR␣␤ T cells, IFN-␥-producing NKT cells would be only a small fraction of IFN-␥-producing cells among TCR␤ ϩ cells (8, 23) . Adoptive transfer studies have shown that the generation of CD4 ϩ memory to a protein antigen administered with an adjuvant results in antigen-specific memory cells in both lymphoid and nonlymphoid tissues, including the liver (40) . In those experiments, memory CD4 ϩ T cells in nonlymphoid tissues were more likely to produce IFN-␥ than those from lymphoid sites (40) . Since our assessment of the polyclonal response to Salmonella revealed significant frequencies of IFN-␥-producing CD4 ϩ memory cells in lymphoid organs as well as in the liver and blood, additional studies are needed to determine whether a distinct cytokine production capacity, such as that for Salmonella-specific IL-2, correlates with cells from a particular location (40) .
Our data also revealed that Salmonella-specific IFN-␥-producing CD8
ϩ T cells were present in the organs examined, with the spleen again exhibiting the largest, and the liver the smallest, increase in the frequency of these cells relative to that for naïve mice. As for CD4 ϩ T cells, a fraction of the CD8 ϩ T cells detected produced IFN-␥ in response to LPS, and IFN-␥ production in response to the lysate showed a partial dependence on IL-12. Since the majority of NKT cells do not express CD8 (38) , only very few, if any, of the CD8 ϩ cells producing IFN-␥ in response to LPS could be NKT cells. However, conventional CD8 ϩ TCR␣␤ T cells can produce IFN-␥ by a cytokine-dependent bystander mechanism (1, 6, 7, 20, 27) , and such cells likely contribute to the non-antigen-specific response that we detected. In addition, some of the Salmonella-reactive IFN-␥-producing CD8 ϩ T cells could be restricted to nonclassical MHC molecules (28) .
Similar frequencies of IFN-␥-producing CD4 ϩ and CD8 ϩ T cells among memory cells were found for any given organ, with the exception of the inguinal LN. In contrast, previous work has shown that IFN-␥ ϩ T cells in the spleen 14 days after primary Salmonella infection were present in larger numbers among CD4 ϩ T cells than among their CD8 ϩ equivalents (55) . In addition, another study showed a massive expansion of IFN-␥-producing CD4 ϩ T cells after Salmonella administration (49) . The fact that IFN-␥-producing memory CD4 ϩ T cells may not necessarily outnumber IFN-␥-producing memory CD8 ϩ T cells may reflect the availability of CD4-specific epitopes during primary infection rather than, for example, differences in the clonality of the T-cell populations in the primary and memory responses (52) . Alternatively, the different restimulation protocols used for these studies or the fraction of cells in the T-cell subsets that produce IFN-␥ in response to LPS may influence the observations. Additional experiments to quantitate the frequencies of T cells in Salmonella-infected mice during the expansion and memory phases by using the same restimulation protocol and accounting for differences in LPS responsiveness among the T-cell subsets would directly address this issue.
Salmonella-specific CD8 ϩ memory differed functionally from CD4 ϩ memory in that very few rapidly responding TNF-␣-expressing CD8 ϩ T cells were detectable in most organs examined from immune animals. Indeed, Salmonella-specific TNF-␣ ϩ CD8 ϩ memory cells were approximately 100-fold less frequent than IFN-␥-responding cells in the spleen and MLN, with a Ͼ20-fold difference in the frequencies found in the blood. The highest frequency of CD8 ϩ TNF-␣ memory cells was found in the peripheral blood, with the largest absolute number of these cells being found in the spleen. We also found that little, if any, production of TNF-␣ by CD8 ϩ memory T cells in Salmonella-immunized mice was due to LPS.
Other studies have also shown that the rapid antigen-specific CD8 ϩ TNF-␣ response is consistently lower than the equivalent IFN-␥ response for both primary and secondary antiviral and antibacterial systems (2, 4, 46) . However, Ͼ90% of LCMV-specific splenic CD8 ϩ memory cells produce both cytokines after ex vivo peptide restimulation (46) . The apparent lack of a significant rapid TNF-␣ response among CD8 ϩ memory cells in Salmonella compared with LCMV immunity may be a consequence of examining a polyclonal versus monoclonal (immunodominant peptide) response. Alternatively, pathogen-specific functional attributes, in addition to location-or organ-specific differences, may be a feature of memory populations generated during infections. This may reflect, for example, pathogen tropism for certain organs.
Both lymphoid and nonlymphoid CD8 ϩ memory pools have been demonstrated in viral and bacterial infections by the use of epitope-specific responses as a readout (21, (29) (30) (31) (32) 39) . In these systems, very few memory CD8 ϩ cells were detectable in the peripheral LN, as demonstrated here for K b S-specific CD8 ϩ memory. The polyclonal analysis of Salmonella-specific memory cells, however, revealed that CD8 ϩ memory populations are represented in peripheral LN at significant frequencies, albeit with less representation than in the spleen. This trend is more apparent for IFN-␥ ϩ than for TNF-␣ ϩ cells. An analysis of memory CD8 ϩ T cells after Listeria infection revealed a higher percentage of epitope-specific memory cells in the liver than in the spleen (39). This does not appear to be the case for Salmonella-specific memory, for which similar frequencies are retained in each organ into the memory phase. The frequency of antigen-specific memory cells among the total CD8
ϩ T cells in a given organ may thus differ depending on the pathogen. For both infection models, however, the absolute number of memory CD8 ϩ T cells was largest in the spleen.
Different antigen-presenting-cell populations, such as dendritic cell subsets, are present in different proportions in the tissues examined in this study (18, 44) . This raises the possibility that differences in antigen-presenting cells in each tissue may influence the frequency of antigen-specific T cells detected after ex vivo restimulation with bacterial lysate. However, this is likely not the case for several reasons. First, dendritic cells, which are likely the most relevant antigen-presenting cell for stimulating T cells, from MLN and the spleen have a similar capacity to process and present a Salmonella-encoded antigen to T cells, and dendritic cells from the liver are also fully competent in this respect (18, 56) . Moreover, no difference in the capacities of the CD8␣ Ϫ or CD8␣ ϩ dendritic cell subsets from either MLN or the spleen to process and present a Salmonella-encoded antigen to T cells was found (56) . The lack of an overt difference in the ability of dendritic cells in the spleen, MLN, or liver to process and present Salmonella antigens and the similar capacities of CD8␣ Ϫ and CD8␣ ϩ cells in MLN and the spleen to stimulate bacterium-specific T cells suggest that the T-cell frequencies detected with the restimulation assay reflect the presence of Salmonella-specific T cells in the different organs.
In summary, the data presented here for a Salmonella infection model suggest that the polyclonal memory cell populations of CD4 ϩ and CD8 ϩ TCR␣␤ T cells directed against the same pathogen in the same individuals occupy distinct physical distributions according to their functional capabilities.
